The accumulation and efflux kinetics of ciprofloxacin have been examined by using murine J774 macrophages. Accumulation (at equilibrium) was increased (three-to fourfold) (i) when cells were incubated with high extracellular drug concentrations (typically 200 mg/liter) as opposed to clinically meaningful concentrations (10 mg/liter or lower), (ii) during ATP-depletion and at acid pH, and (iii) during coincubation with probenecid, gemfibrozil and the preferential multidrug resistance-related protein (MRP) inhibitor MK571. All these conditions were also associated with a marked decrease in ciprofloxacin efflux (half-lives increased from <2 min in controls to up to 10 min). Monensin (a proton ionophore), verapamil, and the preferential P-glycoprotein (P-gp) inhibitor GF120918 had no or only minimal effect, while cyclosporin A, which is not specific for P-gp but also acts on MRP, had an intermediate effect. Short-term uptake studies showed that the influence of the modulators on the apparent drug influx was almost immediate (delay of <1 min). Cells made resistant to probenecid and showing a marked overexpression of MRP1 (by Western blot analysis and confocal microscopy) accumulated ciprofloxacin to almost the same extent as did control cells, but efflux was inhibited less by probenecid, gemfibrozil, and MK571. We conclude that ciprofloxacin is subject to constitutive efflux in J774 macrophages through the activity of an MRP-related transporter which is probably distinct from MRP1. We also suggest that the cellular accumulation of ciprofloxacin in wild-type cells is constitutively impaired at therapeutically meaningful concentrations.
Introduced into our clinical armamentarium in the mid 1980s, fluoroquinolones are still the subjects of intense clinical interest because of their wide spectrum, intense bactericidal activity, and excellent bioavailability (21) . Another key feature of fluoroquinolones is their ability to accumulate in cells (36, 50) , most notably in polymorphonuclear leucocytes and macrophages, where they show useful activity against several types of intracellular bacteria (6, 7, 13, 14, 34, 35, 55) . Early work showed that probenecid increases the accumulation of norfloxacin in J774 macrophages (5, 45) . Subsequent studies demonstrated that both probenecid and gemfibrozil enhance the activity of ciprofloxacin against intracellular Listeria monocytogenes (41, 45) . These effects have been interpreted as demonstrating the existence of an efflux mechanism for fluoroquinolones similar to that responsible for the extrusion of organic anions observed in J774 macrophages (47) . No further characterization of this efflux and of the transporters involved has, however, been reported up to now. In the present study, we have examined in detail the influx and efflux processes of ciprofloxacin in J774 macrophages. We used a series of conditions to demonstrate the role of specific transporters already observed in eucaryotic cells (53, 54) , namely, depletion of ATP and glutathione, exposure to acidic and basic pH and coincubation with a proton ionophore, and coincubation with various inhibitors. We also used probenecid-resistant J774 macrophages since these cells display enhanced transport of organic anions (4) and since probenecid is known to reverse multidrug resistance (17) . sonicated for immediate analysis or frozen at Ϫ20°C for further analysis (in which case they were sonicated on thawing). Total protein was measured by the method of Lowry, using serum albumin as a standard.
Ciprofloxacin and azithromycin assays. The amount of cell-associated ciprofloxacin was determined by a fluorimetric method (8) . However, in preliminary studies, we observed that cell protein caused significant interference in this assay, and the following method was therefore developed. After sonication, each cell sample was centrifuged at 14,000 rpm for 10 min (Eppendorf 5415 C centriguge; Eppendorf Gerätgebau GmbH, Engelsdorf, Germany) at room temperature. The supernatants were collected and assayed for both protein and ciprofloxacin content (the latter after suitable dilution in 0.1 M glycine-HCl buffer [pH 3]) by fluorimetry using an LS30 fluorescence spectrophotometer (Perkin-Elmer, Beaconsfield, United Kingdom) with exc set at 275 nm and em set at 450 nm. In parallel, samples were prepared from cells that were not exposed to ciprofloxacin but to which known amounts of ciprofloxacin had been added after collection and before any further treatment. The readings for these samples allowed us to construct a calibration curve and to correct the readings for all samples based on their actual protein content. Under these conditions, the assay method had a lower limit of detection of 5 ng/ml, a linearity of the signal up to 200 ng/ml (r 2 ϭ 0.99), and an intra-assay reproducibility of 97%. The cell content of ciprofloxacin was then expressed by reference to the total cell protein content (i.e., the protein content of samples before centrifugation), and the apparent cellular-to-extracellular concentration ratio (accumulation factor) was computed on the basis of the ratio between the cell volume and the cell protein content. To check for the absence of interference of the other drugs used in this study on the assay of ciprofloxacin, pure solutions of the fluoroquinolone (50 M) were mixed with each of the drugs used (at the maximal concentration used for cell experiments) and the emission spectrum of ciprofloxacin was recorded. No changes were seen. We also examined cells incubated with each of the corresponding drug but without ciprofloxacin. No additional fluorescence signal was detected compared to that of control cells (with no ciprofloxacin and no drug). Because no sensitive chemical assay of azithromycin is available and because no labeled drug could be supplied, we had to use a microbiological method to assay cell-associated azithromycin. This involved a disk plate method with Micrococcus luteus ATCC 9341 as the test organism. To obtain enough sensitivity, the agar (antibiotic medium 2; Difco, Becton Dickinson & Co., Sparks, Md.) was adjusted to pH 9.5 for samples with low drug concentration (Ͻ0.5 g/ml) and pH 8.0 for samples with higher concentrations. The lowest levels of detection were 0.08 g/ml at pH 9.5 and 0.5 g/ml at pH 8, with linearity up to 2 and 32 g/ml, respectively (r 2 ϭ 0.97 and 0.99 [n ϭ 18]). All assays were performed with 22.5-by 22.5-cm plates, with standards of the corresponding drug run in parallel with the samples (typically six standards covering the observed range of concentration of samples and tested in triplicate were used).
Assay of total-cell ATP and thiol contents. The total ATP in cells collected in 2% HClO 4 was assayed. After rapid sonication and centrifugation, cell extracts were immediately neutralized in 3 N KOH-KHCO 3 . Supernatants were then processed for the ATP assay (i) by high-pressure liquid chromatography (19) with a 4.7-by 125-mm (particle size, 5 m) anion-exchange column (Partisphere SAX, Whatman plc, Maidstone, United Kingdom) with an isocratic buffer (0.45 M NH 4 H 2 PO 4 [pH 3.7] at a flow rate of 1.5 ml/min) and UV detection at 245 nm, and (ii) by an ATP-dependent oxidation of D-luciferin by luciferase (Boehringer Mannheim ATP-bioluminescence assay kit CLS II; Roche Diagnostics, F. Hoffman-la Roche Ltd., Basel, Switzerland) using a Wallac type 1410 liquid scintillation counter (Perkin-Elmer Life Science, Boston, Mass.). The total-cell thiol content was assayed with ortho-phthalodialdehyde as the substrate (9) . In brief, cells were harvested by trypsinization and resuspended in 0.155 M NaCl supplemented with 3% fetal bovine serum, washed twice with the same solution, and lysed with 0.1% sodium deoxycholate in the same medium. The samples were then mixed with 25% (wt/vol) meta-phosphoric acid. After centrifugation at 3,500 rpm for 15 min (Eppendorf 5415 C centriguge), the supernatants were mixed with ortho-phthalodialdehyde (1 mg/ml in methanol) and the fluorescence was read at a exc ϭ 345 nm and em ϭ 420 nm. Calibration with pure glutathione was done by using internal standards, with a recovery of approximately 85%.
Selection of probenecid-resistant cells. Probenecid-resistant cells were obtained as previously described (except that they were grown in RPMI 1640 medium), (4), using a stepwise approach involving a succession of passages (at least 20 passages) in media with increasing concentrations of probenecid (1, 2, and finally 3 mM) to obtain multifactorial multidrug resistance (18) . Clones of cells surviving these selection steps were then propagated for 9 months in the continuing presence of 3 mM probenecid. Cells were harvested and then frozen at Ϫ80°C. Experiments were performed with cells thawed and cultivated in the presence of 3 mM probenecid for about 1 month, i.e., on reaching stable growth.
Morphological studies. Confocal and phase-contrast microscopy studies were performed with macrophages seeded at low density (1.5 ϫ 10 4 and 3.0 ϫ 10 4 cells/cm 2 for wild-type and resistant cells, respectively) to obtain isolated cells or islets of a few cells only after 2 to 3 days of culture. The cells were fixed with 0.8 % formaldehyde in acetone for 10 s (to avoid denaturation of the MRP1 antigen [11] Western blotting. Pelletted cells were washed three times in ice-cold PBS and lysed by a 30-min incubation on ice in PBS buffer containing 1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% of a 10-mg/ml phenylmethylsulfonyl fluoride solution in isopropanol, 3% aprotin, and 1% of a 100 mM sodium orthovanadate solution in water. Cell lysates were then centrifuged for 25 min at 14,000 rpm (Eppendorf Centrifuge 5810R rotor A-4-62) at 4°C. The pellets were resuspended in 1.9 M glycerol containing 141 mM Tris base, 106 mM Tris-HCl, 73 mM lithium dodecylsulfate, 0.51 mM EDTA, 0.22 mM Serva Blue G 250, and 0.75 mM phenol red at pH 8.5. Samples (15 g of protein) were separated under in denaturating conditions on a NuPAGE Bis-Tris electrophoresis gradient (4 to 12% polyacrylamide) precast gel cassette (Novex Electrophoresis GmbH, Frankfurt/Main, Germany), using appropriate running buffers supplemented with 3.5 mM sodium dodecyl sulfate and 1 mM EDTA (55 min at room temperature in an X Cell Surelock Mini-Cell apparatus [Novex] operated at 125 V; equal loading was checked by revealing actin, with no difference being detected). Separated proteins were transferred on a nitrocellulose membrane for 1 h at 50 V, in a transfer buffer made of 25 mM N,N-bis(2-hydroxyethyl)glycine, 25 mM Bis-Tris (free base), 1 mM EDTA, and 0.05 mM chlorobutanol at pH 7.2 and supplemented with 10% (vol/vol) ethanol before use. Between each of the next steps, the membranes were rinsed in Tween saline buffer [0.05% Tween 20(T) in PBS]. The membranes were blocked in 1% nonfat milk-0.025% Tween 20 for at least 90 min and then incubated for at least 1 h with gentle shaking and at room temperature with the primary antibody (monoclonal antibody raised in the rat against a fusion protein containing the human MRP1 sequence from positions 192 to 360 [15] or rat monoclonal anti-mouse ␤-actin) after appropriate dilution in the blocking buffer (1:3,000; final concentration, 83 ng/ml). The membranes were then exposed to the secondary antibody (goat anti-rat HRP-conjugated IgG, diluted 1:1,500 [final concentration, 266 ng/ml]). Reactive bands were detected by chemiluminescence using an ECL kit (Amersham plc) and photographic printing. Molecular weights were estimated by comigration with proteins with known molecular weights (Mark 12 wide-range protein standard; Novex, San Diego, Calif.). Positive identification of the MRP1 band was made by analyzing in parallel lysates from wild-type swiss 3T3 cells (which have minimal expression of this transporter) and from lysates of swiss 3T3 cells transfected with a retroviral vector containing multiple copies of the MRP1 cDNA together with the long terminal repeat and a PGK promoter (12) .
Determination of cell-volume-to-protein ratio. We applied the urea-sucrose method (37) using [
14 C]urea and unlabeled sucrose or [ 14 C]sucrose and unlabeled urea (1 Ci/ml in each case) in parallel. In preliminary experiments, we checked for completeness of the diffusion of urea and minimal endocytic sucrose uptake by examining the variation in the urea/sucrose ratio in samples from cells incubated with the tracers for increasing periods. Accordingly, all measures were made with cells incubated with the tracers for a minimum of 30 min and a maximum of 60 min, a period during which the urea/sucrose cell ratio was fairly constant.
DNA and protein synthesis measurements. Cells were seeded at a density of ca. 3.75 ϫ 10 4 cells/cm 2 and grown up to 4 days. On each day, samples were used for measurement of thymidine and leucine incorporation by a 2-h incubation with the corresponding tracer ( MICHOT ET AL ANTIMICROB. AGENTS CHEMOTHER.
washing and used for measurement of total and trichloroacetic acid-precipitable (40% trichloroacetic acid; 30 min at 4°C) radioactivity. Measurement of cell growth. We used the CellTiter 96 AQ cell proliferation assay (Promega Corp., Madison, Wis.), which is based on the reduction of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) into formazan in the presence of the electron-coupling agent phenazine methosulfate. In brief, cells were seeded at density of ca. 7 ϫ 10 3 cells/cm 2 in 96-well plates and grown for up to 4 days. On each day, MTS (2 mg/ml) and phenazine methosulfate (46 g/ml) were added to a series of wells for 2 h. The concentration of formazan was then measured in the culture medium by photometry at 490 mm (the correlation between the photometric response and the number of cells per well was examined in preliminary experiments and found to be linear).
Statistical analyses and curve fittings. All statistical analyses and curve fittings were done using Graph Pad Prism software (version 2.01; Graph Pad software Inc., San Diego, Calif.). Group comparisons were made by analysis of varience ANOVA, and, in the case of significant differences, by paired group comparisons using Student's t test.
RESULTS
Influence of the extracellular concentration of ciprofloxacin on its cellular accumulation. In a first series of exploratory experiments, we noticed that the ability of cells to concentrate ciprofloxacin, rather than being impaired, was actually increased when the extracellular concentration was raised from clinically relevant concentrations (up to 10 mg/liter) to higher ones (typically above 50 mg/liter). Examining this apparently paradoxical property in detail with cells incubated for 2 h with the drug (Fig. 1) , we observed that the apparent cellular-toextracellular-concentration ratio of ciprofloxacin rose from ca. ) shows that the accumulation was rapid in both cases, reaching equilibrium within 30 to 60 min. Cells incubated with the highest concentrations of ciprofloxacin showed a higher cellular-to-extracellular-concentration ratio at all times points. However, the relative rate constants of accumulation were similar in the two situations (see the insets; see also kinetic data in the figure legend). In contrast, cells that had accumulated a large amount of ciprofloxacin showed a slower efflux than did cells with a lower drug content. Figure 2 (right panel) shows that, indeed, the half-life of ciprofloxacin was about 4 min for cells loaded with a high extracellular concentration of ciprofloxacin (68 mg/liter; 200 M) but only 1.7 min for cells loaded with a low concentration (17 mg/liter; 50 M) (see the insets). This difference vanished at 8 min, after which efflux proceeded at the same fractional rate under both conditions. In view of the data presented in Fig. 1 and 2 , all subsequent experiments were performed at a fixed ciprofloxacin extracellular concentration of 17 mg/liter (50 M) to keep below the level at which concentration-dependent effects became clearly detectable while, at the same time, being able to assay cell-associated ciprofloxacin levels with sufficient accuracy. Influence of ATP depletion. Cells were preincubated for 20 min with 5 mM NaN 3 and 60 mM 2-D-deoxyglucose to deplete them of ATP (typical levels, 3.4 Ϯ 0.2 versus 32.92 Ϯ 1.50 nmol/mg of protein for controls [n ϭ 3]). They were then challenged with 50 M ciprofloxacin for up to 2 h in the continuing presence of NaN 3 and 2-D-deoxyglucose (typical ATP levels at the end of the incubation period, 3.2 Ϯ 0.1 versus 31.1 Ϯ 3.2 nmol/mg of protein for controls [n ϭ 6]). Figure 3 shows that ATP depletion caused a marked increase in ciprofloxacin accumulation which, qualitatively as well as quantitatively, was similar to that observed when comparing accumulation at low (17 mg/liter; 50 M) and high (68 mg/liter; 200 M) extracellular concentrations. Thus, we noted an increase in the net amount of drug accumulated but no apparent effect on the relative rate of intake when examined over the entire period of accumulation (0 to 120 min [see kinetic data in the caption of Fig. 3 ; see, however, the short-term kinetic data, for 0 to 5 min, in Fig. 6]) . Ciprofloxacin efflux was then studied with cells depleted in ATP, loaded with ciprofloxacin in the presence of NaN 3 and 2-D-deoxyglucose, and transferred to a drug-free medium in the continuing presence of NaN 3 and 2-D-deoxyglucose (so as to maintain their state of ATP depletion). Figure 3 (right panel) shows that the rate of efflux of ciprofloxacin was very markedly decreased under these conditions compared to what was observed for control cells (no ATP depletion treatment). In parallel, we measured the efflux of ciprofloxacin from cells which were loaded with the drug while in a state of ATP depletion but which were then transferred to a drug-free and an NaN 3 and 2-D-deoxyglucose-free medium (this allowed ATP levels to be restored to 25.5% Ϯ 6.2% of control values within 15 min). Efflux proceeded at an intermediate rate between those for control cells and cells maintained in a state of ATP depletion.
Influence of glutathione depletion. Cells were exposed for 24 h to 80 M buthionine sulfoximine to obtain a stable reduction in glutathione cellular content (total sulfhydryl-containing constituents, 1.34 Ϯ 0.13 versus 37.5 Ϯ 5.4 nmol/mg of protein, expressed as glutathione, in treated versus control cells [n ϭ 9]. The cells were then challenged with 50 M ciprofloxacin for up to 2 h in the continuing presence of buthionine sulfoximine, in comparison with control cells. Cells depleted in glutathione showed a 47.58% Ϯ 3.22% increase (n ϭ 3) in ciprofloxacin cell content after 2 h (data not shown [this increase was observed at all time points during accumulation from 5 min to 2 h]).
Influence of pH and of the proton ionophore monensin. In the next series of experiments, the accumulation of ciprofloxacin (17 mg/liter; 50 M) in cells incubated with buffered media adjusted to specific pH values ranging from 6 to 8 was studied. The exact pH of each medium was measured before and after 
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incubation and was found not to vary by more than 0.1 pH unit during the experiment. Efflux was thereafter studied by transferring cells to drug-free media of the same pH. Figure 4 (left panel) shows that an acidic medium (pH 6) caused an increase in the absolute amount of drug accumulated in comparison with cells incubated at neutral pH (pH 7). Conversely, incubation in an alkaline medium (pH 8) caused a lower accumulation of ciprofloxacin. Figure 4 (right panel) shows that the rate of ciprofloxacin efflux was inversely proportional to the acidity of the medium (but the decay remained of first order [see the legend to Fig. 4 for kinetic data] ). Interestingly enough, cells transferred from an acidic to a neutral medium during efflux (for instance, at 8 min) reacted almost immediately to this change of condition. They indeed showed a rapid loss of ciprofloxacin, after which efflux proceeded at rate similar to what was observed in cells incubated in a neutral medium throughout (data not shown). Monensin, a natural carboxylic ionophore with antifungal properties, known to dissipate transmembrane gradients in higher eucaryotes (32) , was then used here to further assess the importance of pH transmembrane gradients and intracellular pH on ciprofloxacin accumulation. Monensin did not affect ciprofloxacin accumulation (tested at pH 6, 7, and 8). As a control of an effective collapse of the transmembrane pH gradients with monensin, we checked that it entirely suppressed the accumulation of azithromycin, which accumulates in J774 macrophages by proton trapping as previously reported (52) . Influence of probenecid and other efflux pump inhibitors. 
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this effect was both qualitatively and quantitatively similar to what was observed with cells exposed to a high concentration of drug or with ATP-depleted cells. Probenecid-treated cells loaded with ciprofloxacin were then examined for ciprofloxacin efflux in the continuing presence of probenecid (10 mM), in comparison with cells in which ciprofloxacin accumulation and efflux were taking place in the absence of probenecid (controls). As shown in Fig. 5 right panel, probenecid also markedly reduced the rate of efflux of ciprofloxacin from probenecidtreated cells compared to controls. In parallel, we examined the efflux of ciprofloxacin from cells which were incubated with ciprofloxacin (17 mg/liter; 50 M) in the absence of probenecid but which were then transferred to a ciprofloxacin-free medium containing 10 mM probenecid. Efflux was delayed almost exactly as in cells incubated in the presence of probenecid during both ciprofloxacin uptake and efflux (data not shown). This indicates that the influence of probenecid was immediate, directed toward efflux, and unrelated to the amount of ciprofloxacin accumulated by cells. In the next series of experiments, we examined the influence exerted by gemfibrozil, another nonspecific inhibitor of anionic transporters, and by MK571, a preferential MRP inhibitor. This was studied in comparison with two known P-glycoprotein (P-gp) modulators, namely, verapamil and cyclosporin A (both of which, however, are not specific for the P-gp) and with GF 120918 (a preferential inhibitor of P-gp). Table 1 shows the results obtained at a fixed concentration of these drugs. Azithromycin, a substrate of P-gp in J774 macrophages (46) , was used for comparison purposes. It clearly appears that probenecid gemfibrozil, and MK571 enhanced ciprofloxacin accumulation to essentially similar extents (ca. 2.5-to 4-fold) whereas verapamil and GF 120918 had only minimal effects (see below for concentration-dependent experiments with these inhibitors). Cyclosporin A showed an intermediate behavior. In contrast, neither probenecid nor gemfibrozil affected azithromycin accumulation whereas verapamil, cyclosporin A, and GF 120918 markedly increased it. Short-term kinetic studies. To refine the analysis of the influence of ATP depletion and of the inhibitors on ciprofloxacin influx, we repeated the accumulation experiments, focusing on the first 5 min after addition of ciprofloxacin. As described above, the influence of ATP depletion was assessed with cells that had been preexposed to 2-D-deoxyglucose and NaN 3 for 20 min to obtain a stable state of depletion before adding ciprofloxain. Conversely, the other inhibitors were added at the same time as ciprofloxacin to examine whether their effect would be immediate. As shown in Fig. 6 , control cells and cells incubated with cyclosporin A showed curvilinear kinetics of accumulation right from the first minutes of the uptake (with slight but significantly faster accumulation for cyclosporin Atreated cells). In contrast, ATP-depleted cells as well as cells exposed to probenecid and cells exposed to probenecid plus cyclosporin A showed a faster accumulation, which was similar for all three situations. Moreover, after 1 min of contact, the kinetics remained almost perfectly linear for at least the subsequent 4 min, with no meaningful differences between the conditions tested.
Summary of the efflux kinetic data from wild-type cells. Table 2 shows in a summary fashion the half-lives of ciprofloxacin that were recorded under the main conditions investigated in this study, which led to an increase in the cellular accumulation of the drug in wild-type cells. It clearly appears that all these conditions were associated with significant increases in half-lives, which systematically reached values threeto sixfold longer than under control conditions. For all other conditions, fitting to either one-phase exponential decay or a simple linear equation were both considered statistically acceptable. Examination of the data, however, suggests a fast first phase of uptake (0 to 1 min) followed by a slower phase that is still linear with respect to time (1 to 5 min). Simple dotted lines illustrate these two successive linear processes, with no attempt to distinguish between the conditions tested (ATP depletion, probenecid, probenecid plus cyclosporin), since no significant difference could be noted between any of them. Other key parameters, such as phospholipid-or cholesterol-to-protein ratios and ATP content, were similar. As shown in Fig. 7 , probenecid-resistant cells overexpressed the MRP1 transporter, as evidenced by Western blotting, with this protein being clearly displayed at the cell surface (as shown by confocal microscopy). Figure 8 (left panel) shows that the accumulation of ciprofloxacin (17 mg/liter; 50 M) in probenecid-resistant cells was only marginally increased in comparison with that in wild-type cells. When probenecid-resistant cells were exposed to high concentrations of probenecid (up to 10 mM), gemfibrozil (up to 200 M), or MK571 (up to 150 M), the accumulation of ciprofloxacin (in 2 h) was increased to a maximum of 1.5-to 2-fold versus 3-to 4-fold for wild-type cells (data not shown). Wild-type and probenecid-resistant cells released ciprofloxacin at essentially a similar, high rate in the absence of probenecid. When efflux was monitored in the presence of a fixed concentration of probenecid (3 mM, i.e., the concentration at which the probenecid-resistant cells are maintained), wild-type cells showed a markedly reduced rate of efflux (as already illustrated for a higher concentration of probenecid in Fig. 5 ). In contrast, probenecid (3 mM) exerted much less effect on ciprofloxacin efflux in probenecid-resistant cells. Similar results were obtained when ciprofloxacin efflux from wild-type and probenecid-resistant cells was examined in the presence of gemfibrozil or MK571 (data not shown). The influence of verapamil, cyclosporin A, and GF 120918 was also examined in probenecid-resistant cells and found not to be significantly different from what was seen in wild-type cells (data not shown).
DISCUSSION
Fluoroquinolones are potential substrates of a variety of drug transporters in eucaryotic cells (53) . Transcellular transport of fluoroquinolones has been observed in kidney cells, intestinal cell lines, and human airway epithelial cells in vitro and in liver and leukaemia cells in vivo (54) . Evidence for a role of fluoroquinolone transporters in macrophages, in relation to drug accumulation and efflux, has, however, remained indirect so far and is based primarily on the observation that organic anions, such as probenecid and gemfibrozil, significantly increase fluroquinolone accumulation in J774 macrophages (5, 40, 41) . The present data confirm and significantly extend these findings in two respects. First, they provide direct evidence that probenecid and gemfibrozil impair ciprofloxacin efflux with no detectable change in its kinetics of influx. Second, they show that a similar effect on ciprofloxacin accumulation and efflux can be obtained with ATP depletion and with the selective MRP inhibitor MK571. We also show that cells exposed to a high concentration of ciprofloxacin accumulate the drug to a three-to fourfold-greater extent than those exposed to therapeutically meaningful concentrations. Glutathione deprivation and acidic pH also increase ciprofloxacin accumulation, and this effect is mediated by a corresponding change in efflux in the case of acidic pH. Our results suggest that J774 macrophages have an MRP transporter that is (i) sensitive to organic anions, (ii) dependent on energy and glutathione, (iii) inhibited by H ϩ and by ciprofloxacin itself. The fact that a high ciprofloxacin concentration during uptake causes a change in efflux in the early phase of the washout experiments only is probably because efflux is measured in the absence of drug in the extracellular milieu. As the intracellular drug concentration decreases, it probably falls rapidly below the level at which the transporter can be saturated. Fluoroquinolones are zwitterionic and may therefore be recognized by both anion and cation transporters. Based on the Saier classification of transport in eucaryotic cells (43; M. H. Saier, Jr., http://www.biology.ucsd.edu/ϳMSAIER/transport), anion transporters comprise (i) the OAT for "organic anion transporters"), which are members of the major facilitator superfamily (MFS); (ii) OATP and OATK, which are members of the OAT superfamily; and (iii) MRP, which are members of the ABC superfamily. OAT, OATP, and OATK are energized by ion gradients (most often H ϩ ) and act as symports, uniports, or antiports. MRP are energized by ATP hydrolysis and require glutathione as a cofactor. Cation transporters include (i) OCT (for "organic cation transporters"), which are, like OAT, members of the MFS; and; (ii) MDR (Multidrug resistance), also known as P-gp, which, like MRP, are members of the ABC superfamily (and therefore rely on ATP for activity) but do not require glutathione for optimal activity (10) . If we analyze our results globally based on this classification, we may find the strong suggestion that we are dealing with an MRP transporter. Besides the characteristics mentioned above, we also observe an impairment of ciprofloxacin efflux by the preferential MRP inhibitor MK571 (16) and no marked effect exerted by cationic compounds such as verapamil and the preferential P-gp inhibitor GF 120918 (2, 42, 48) . The intermediate effect observed with cyclosporin A may result from the fact that this compound not only acts on P-gp but also inhibits the MRP (27, 51) . Impairment by acidic pH has been reported for MRP1 and may be related to the fact that the ATPase activity of MRP is itself adversely affected by acid pH (31) . Since monensin, a drug which collapses transmembrane pH gradients (32), does not markedly influence ciprofloxacin accumulation, it is also reasonable to accept that pH gradients per se and intracellular pH are unimportant in this context, which globally excludes the transporters energized by H ϩ gradients. The complete human ABC transporter subfamily (ABCC) has 12 identified members (ABCC1 to ABCC12), of which 9 belong to the multidrug resistance-like subgroup (MRP) (3, 39, 49) . Based on recent reviews of the main properties of MRP transporters (3; http://nutrigene.4t.com/humanabc.htm), we may probably exclude MRP2, MRP3, and MRP4. MRP2 shows the same substrate specificity as MRP1 but is mostly localized in bile canaliculi in vivo and has been found in vitro in polarized cells only. MRP3 is restricted to intestine and kidney cells and is a poor transporter of glutathione conjugates (20) . MRP4 is localized in specific tissues and is probably transporting phosphate conjugates only. The intervention of MRP5 can be excluded since it is not inhibited by MK571 (24) and transports substrates independently from glutathione (33) . MRP6 is difficult to immediately exclude since it acts as a organic anion transporter, is inhibited by probenecid, and can be coamplified with MRP1 in cells that overexpress the latter transporter because of their proximity on the chromosome (23, 25) . However, MRP6 is expressed mainly in polarized cells (30, 44) and shows substrate specificities that are largely different from those of the other MRP. MRP7 has the lowest degree of relatedness to the other MRP transporters, and its RNA transcript is expressed at only very low levels in most tissues. Its capacity to transport anionic compounds is still unknown (22) . MRP8, expressed in various adult human tissues including the liver, lungs, and kidneys, as well as in several fetal tissues, is a transporter of amphipathic anions. It is able to efflux cyclic AMP (cAMP) and cGMP and to function as a resistance factor for commonly employed purine and pyrimidine nucleotide analogues. MRP9 is an unusual truncated member of the ABC transporter superfamily that is highly expressed in breast cancer and in testes but is not expressed at detectable levels in essential normal tissues (1) . Limiting the discussion to the evidence presented with wild-type J774 macrophages would make MRP1 a prime candidate for ciprofloxacin efflux. MRP1 indeed functions as a multispecific organic anion transporter, which transports drugs and other hydrophobic compounds in the presence of glutathione (http://nutrigene.4t.com/humanabc .htm). Yet, when this hypothesis was tested using the probenecid-resistant cells (which overexpress MRP1, as evidenced by both Western blot analysis and confocal microscopy), no marked change in the accumulation and efflux of ciprofloxacin was noted. The overexpressed MRP1 was nevertheless functional since probenecid, gemfibrozil, and MK571 are less effective inhibitors of ciprofloxacin efflux in these cells than in wild-type cells, which is as expected since anions are actively extruded in probenecid-resistant cells (4) . The data must therefore be interpreted as demonstrating that MRP1 is not the actual ciprofloxacin transporter and indicate that additional research is needed in this area. Conversely, the data presented here unambiguously show that P-gp is not involved in ciprofloxacin efflux, even though J774 macrophages express a functional P-gp that acts on azithromycin (46) . A similar conclusion was reached concerning the transport of ciprofloxacin in MDR1 (P-gp)-transfected MDCK-II epithelial cells (29) . Interestingly enough, the closely related fluoroquinolone grepafloxacin was found to be a substrate of both P-gp and MRP2 in these cells and to compete for the ciprofloxacinsensitive pathway. This suggests that apparently minor structural differences in fluoroquinolones may play a key role in transporter recognition (as they do with respect to antibacterial spectrum). It must, however, be stressed that the situation in polarized cells may be considerably more complex than in macrophages. It does not simply involve influx and efflux mechanism but also involves a succession of oriented transports in which several proteins may be implicated. Although the nature of the ciprofloxacin transporter in J774 macrophages remains undefined, the data presented here may already have important biological and therapeutic significance. We show that the ciprofloxacin transporter causes a significant reduction of the intracellular concentration of this fluoroquinolone at therapeutically meaningful concentrations. If this takes place with macrophages in vivo, we may anticipate that it will reduce the accumulation of the antibiotic and thereby decrease its intracellular activity. The activity of fluoroquinolones is concentration dependent, including the activity toward intracellular organisms (7, 41) , and suboptimal concentrations are associated with insufficient eradication of microorganisms and potentially rapid emergence of resistance (21) . The design of specific inhibitors may therefore be of large interest in this context. It must also be emphasized that MRP transporters have a broad specificity and may be involved in the efflux of many anionic drugs, probably including other antibiotics like the ␤-lactams (26) and several anticancer drugs (28) . It may therefore be interesting to monitor their overexpression following prolonged exposure and/or overuse of fluoroquinolones during antibacterial and anticancer therapy in critical situations.
